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Abstract 
Physics engines, originating from gaming industry, are lately employed to perform realistic virtual simulations in early phases of assembly 
systems development processes. In particular, physics engine-based Virtual Commissioning boosts level of maturity of assembly systems due 
to advanced real-time collision detection and precise cycle time determination. This paper describes the improvement of DAIMLER’s Virtual 
Commissioning process by virtually predicting and visualizing mechanic energy consumption of automated assembly system components using 
a physics engine. Based on simulation results, established approaches for reducing energy consumption of automated assembly system can be 
implemented in the virtual model. 
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1. Introduction and Motivation 
Nowadays original equipment manufacturers in automotive 
industry (OEMs) are facing many challenges with respect to 
production: rising complexity of products, higher number of 
product variants, shorter product lifecycles, and shorter ramp-
up periods [1]. In addition, requirements for mechatronic 
production systems are rising alike with some requirements 
even conflicting: higher productivity and flexibility must be 
accomplished while simultaneously improving output quality 
and system availability [2]. As a consequence, increasing 
requirements for production systems must be reflected in 
profound development processes. Many OEMs place 
emphasis on early design stages of the production system to 
test and validate system specifications according to the 
requirements using virtual methods. In automotive industry 
virtual validation methods of production systems were 
initially applied to body-shop systems and are now about to 
be applied to other production sections as well [3].  
Moreover, energy-efficient production technologies gain 
more importance for OEMs, particularly considering high 
degree of automation in Central Europe’s production 
facilities. Rising energy cost, approaching resource shortage, 
legal and political restrictions as well as environmentally 
conscious customers force OEMs to re-evaluate production 
processes considering energy consumption. Although many 
important product specifications are defined in early design 
stages, energy efficiency hasn’t been an essential criterion 
while virtually designing and validating production systems 
[4]. There is a lack of applicable methods and tools to 
virtually predict energy consumption of production systems 
and its components on a systems level, so providing this 
information would enable more energy-efficient design of 
production systems in early design stages. 
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2. State of the art in Virtual Commissioning and physics 
based modeling of automated assembly systems 
This chapter describes state of the art practices in 
conceptualizing and engineering of automated assembly 
systems in automotive industries. Virtual Engineering and 
Virtual Commissioning as part of the workflow are depicted in 
detail and the innovative simulation methodology physics 
based modeling for production systems gets introduced. 
2.1. Development process of automated assembly systems in 
automotive industry 
In comparison to body-shop systems, automated assembly 
systems are characterized by high complexity, high variety, 
and little standardization of their components. As a 
consequence the development process is almost unique for 
every single automated assembly system. In addition, the 
assembly system is not being conceptualized and engineered 
by solely one vendor. Rather many collaborating partners and 
subcontractors are involved in order to provide a ready-to-
operate assembly system to the OEM’s shop floor. Based on 
interviews with leading experts of global operating plant 
manufacturers the assembly system development process was 
adumbrated and analyzed [5]. 
State of the art development processes of automated 
assembly systems in automotive industry comprise several 
stages, quality gates, and milestones, which are predominantly 
traversed sequentially. Average total process duration is one 
year at a rough estimate, from acceptance of tender to finally 
encounter normal year volume of production. Based on 
product specifications, pre-process-planning, and location-
specific boundary conditions the OEM defines requirements  
 
for the automated assembly system and calls for bids from the 
plant manufacturers. Subsequently plant manufacturers and 
their subcontractors create a rough design, estimate costs, and 
submit a quote. After the tender process the OEM awards the 
contract to the selected plant manufacturer (PM) and proceeds 
to kick-off the development process. 
At a distinct quality gate of the OEM’s vehicle 
development process, roughly 18 months prior to start of 
production (SOP), the plant manufacturer starts the assembly 
system design phase (cf. Fig. 1). Designing an automated 
assembly system can be considered as the design of a 
complex mechatronic product, generally starting with a 
systems engineering approach. Despite mechanical and 
electrical component design, software engineering is an 
essential part of the development process. All three design-
threads are interdependent and cannot be treated separately. 
Thus, simultaneous engineering approaches need to be 
applied in early process stages. Each stage may vary in length 
due to manufacturer-specific standards and business processes 
as well as assembly system complexity. Essential milestones 
in the early stages are Conceptual Design Approval, 
Mechanical Design Approval, and Release for Manufacturing. 
Subsequent milestones ensure software quality and trigger 
release for shipment to the OEM’s shop floor, where several 
test runs during ramp-up are leading to the final acceptance of 
the assembly system on the OEM’s production site. 
In mechanical and electrical component design many 
different digital tools (CAD, CAE, ECAD, etc.) are used in 
order to increase level of maturity and design quality early in 
the development process. Particularly, from Conceptual 
Design Approval till Software Design Approval many 
important properties and parameters of the assembly system 
are defined and validated. This period offers many 
Fig. 1. Development process of automated assembly systems 
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opportunities for impacting directly the quality of the final 
product. Both validation tasks within this period will be 
discussed in more detail.    
2.2. Virtual Engineering and Virtual Commissioning 
Developing and validating automated assembly systems 
using digital tools and methods increases quality and 
efficiency in ramp-up processes significantly. Both 
methodologies, Virtual Engineering and Virtual 
Commissioning, are state of the art for developing and 
validating body-shop production systems (cf. Fig. 2). 
 
The methodology Virtual Engineering (VE) utilizes an 
extended 3D-geometric model of the production system for 
visualization and simulation-based validation of system 
processes, cycle- time and collision for different product-
variants [3]. Based on a mechatronic system model the 
methodology Virtual Commissioning (VC) aims at validating 
the system’s control software by using a real Programmable 
Logic Controller (PLC) following the Hardware-in-the-loop 
(HiL) simulation approach. Virtual Commissioning permits 
precocious evaluation, optimization and validation of the 
entire production system, particularly integration of product, 
production system’s mechanical and electrical components as 
well as control software [6]. 
Both innovative methodologies are continuously advancing 
and are about to be applied to other stages of automotive 
production process. At DAIMLER both methods have been 
used tentatively for automated assembly systems since 2012. 
The main advantages and benefits are: 
x Increased efficiency of the entire development process of 
automated assembly systems 
x Precocious validation of product quality, process quality, 
and automated assembly system quality 
x Improved evaluation of automated assembly system’s level 
of maturity 
x Shorter and more stable ramp-up processes, particularly for 
integrating new product variants in running production 
x Improved software quality and reduced downtime of the 
automated assembly system 
 
For Virtual Engineering digital 3D-designtools are used for 
creating a kinematic model of the entire production system 
without taking into account its control software. To improve 
model quality and increase realistic simulation scenarios 
different simulation methodologies are subject of current 
research activities throughout academia and industry. One 
promising approach is the utilization of physics based 
modeling in order to achieve more realistic simulation results. 
Basic principles of physics based modeling of production 
systems will be introduced in detail. 
2.3. Physics based modeling of production systems  
Physics based modeling is an innovative simulation 
methodology for process validation of automated assembly 
systems. The methodology incorporates a software library 
(physics engine), which calculates the mathematics needed to 
simulate physical behavior of arbitrary objects [7]. There is a 
wide variety of physics engines for different purposes: 
originally used in gaming industry, many engines have also 
been developed for scientific applications. 
Moreover, many scientific simulation tools have been 
developed integrating a physics engine, e.g. Gazebo for 
simulating mobile robots in outdoor environments [8]. The 
engines essentially differ in the way collisions of the objects 
are detected and solved subsequently. The majority of ready-
to-use libraries are open-source and so customizable for 
specific usage. Collision handling is normally carried out on 
CPU (Central Processing Unit), yet some engines require 
additional GPU (Graphic Processing Unit). Generally, physics 
engines are able to cope with three types of objects: rigid 
bodies, soft bodies (cloth) and particles (fluids). Internally 
physics engines simplify rigid bodies as a system of particles 
considering rotation, whereas soft bodies are much more 
complex to handle. Due to their flexible shape, soft bodies can 
collide with themselves, cannot be subdivided into simple 
shapes, and underlay continuous change of center of gravity 
and moments of inertia. In this paper for the simulation of 
automated assembly systems with support of physics engines, 
soft bodies and particles are out of consideration. 
Some research has been conducted in the area of physics 
based modeling of production systems. With reference to 
Virtual Commissioning the research was focused on flow of 
materials or defining a framework for executing Virtual 
Commissioning of different types of production systems [9], 
[10]. Several German and international research projects are 
ongoing for physics based Virtual Commissioning, e.g. 
AVANTI targeting a test methodology based on behavior 
simulation of production systems [11].    
The extended 3D-geometric model of the production 
system gets moderately enriched in order to examine the 
system’s dynamic behavior, e.g. unwanted collisions or 
friction, respectively. The system’s dynamic behavior is based 
on physical equations (Newton, Coulomb friction) and can be 
simulated in real-time due to the support of optimized 
computer vision algorithms [12]. As a consequence, manual 
modeling of the object’s dynamic behavior is obsolete. 
Physics based modeling of automated assembly systems 
merely requires creating a kinematic model of the production 
Fig. 2 Virtual Engineering and Virtual Commissioning 
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system and physically parameterizing the system components 
and objects. The resulting model is called physics based 3D-
geometric model. 
3. Physics based Virtual Engineering and physics based 
Virtual Commissioning 
Based on the physics based 3D-geometric model of the 
automated assembly system there are new opportunities for 
improving Virtual Engineering and Virtual Commissioning. 
Following the new features are described in detail. 
3.1. Physics based Virtual Engineering 
Among many opportunities within physics based Virtual 
Engineering three aspects have been studied intensively and 
will be discussed. First, it is possible to determine the 
mechanic load of pneumatic drives by identifying the force 
required for performing the task. Based on this, physics based 
Virtual Engineering additionally supports the decision to pick 
the pneumatic drive with proper dimensions in order to fulfill 
the task at hand, also accounting for a safety margin. 
Consequently, having detected the load required for executing 
the task correctly and having detected the proper type of the 
pneumatic drive, the adequate amount of pressurized air can 
be determined. More precisely, the volume of compressed air 
required by the pneumatic drive can be calculated easily. 
Aggregating all this information, one very important outcome 
of physic based Virtual Engineering is to determine realistic 
cycle time. In Virtual Engineering cycle time is defined based 
on assumptions and expert knowledge. In physics based 
Virtual Engineering the period of a pneumatic drive for 
expansion and retraction, based on the load, can be 
determined close to reality. As a consequence, more realistic 
prediction of the period for performing all parallel and 
sequential processes of the assembly system can be done and 
cycle time can be validated [13].  
3.2. Physics based Virtual Commissioning 
Physics based Virtual Commissioning is a methodology in 
order to test and validate PLC programs prior to the real 
commissioning of the automated assembly system at the PM- 
or OEM-site. One model of the assembly system is required 
for conducting Virtual Commissioning, the so-called 
mechatronic model of the production system [14]. This model 
consists of two parts, the extended 3D-geometric model and 
the behavior model. The behavior model represents the logic 
control behavior of the assembly system components’ signals 
and won’t be considered in this paper. For physics based 
Virtual Engineering and physics based Virtual 
Commissioning the extended 3D-geometric model gets 
substituted by the physics based 3D-geometric model [13]. 
Using this model in physics based Virtual Commissioning 
enables more realistic collision detection and collision 
management taking into account physical characteristics. 
Figure three visualizes the advantages of physics based 
Virtual Commissioning using a very basic example (cf. Fig. 
3). Virtual Commissioning based on the conventional 
kinematic model (a) displays incorrect results: both 
components intersect during the process, although it is 
physically implausible. By the use of a physics based 3D-
geometric model within physics based Virtual Commissioning 
(b) both models are defined as collision-relevant bodies and 
thus do not intersect. The outcome is that virtual 
commissioning uses for visualization of the assembly system 
processes pure animation, whereas physics based Virtual 
Commissioning visualizes a realistic behaviour of the system, 
based on physical characteristics of the system and 
environmental parameters. 
4. Energy efficiency in physics based Virtual Engineering 
After introducing physics based Virtual Engineering and 
physics based Virtual Commissioning, the concept for energy-
efficient physics based Virtual Engineering will be outlined.    
4.1. Energy efficiency as additional criterion for physics 
based Virtual Engineering 
Currently, energy efficiency receives no consideration in 
Virtual Engineering of automated assembly systems. During 
the design process the plant manufacturer is obliged to deliver 
several design layouts, essentially validating unwanted 
collision, reachability, and safety. Despite these basic factors, 
the design layout is solely assessed according to three main 
criteria: cycle time, output and investment cost. However, at 
this early stage in the development process many important 
characteristics of the assembly system are defined, in 
particular properties, that directly impact energy consumption 
in assembly system’s operating phase. In accordance with the 
OEM’s pursuit to keep operating cost low, energy-efficiency 
should be evaluated before the development of the system has 
advanced to the point where the relevant changes to the 
Fig. 3 Example for physics based Virtual Commissioning 
141 Felix Damrath et al. /  Procedia CIRP  23 ( 2014 )  137 – 142 
design of mechanic components, kinematics and 
corresponding dynamic behavior are no longer possible and/or 
feasible. 
The conceptual idea is to establish energy efficiency as an 
additional, subordinated criterion for physics based Virtual 
Engineering (cf. Fig. 4). The criteria output and cycle time 
still prevail, but cost of investment and operating cost due to 
energy consumption need to be traded off against each other. 
Higher investment cost in the first place could be reasonable 
with less operating cost considering the average lifetime of an 
assembly system (around seven years). 
 
Increasing energy efficiency in manufacturing and 
production is subject of many research approaches and is 
discussed intensively among academia and industry. There are 
different ways to define energy efficiency. According to the 
concept stated above, here energy efficiency follows minimal 
optimization principle: a predefined, invariant benefit (output) 
shall be realized with minimal input. 
Currently, energy efficiency is a major trend across all 
production disciplines. There are many approaches that aim to 
increase energy efficiency in a production environment, e.g. 
switching production systems to energy-efficient modes 
during breaks and downtimes or reducing leakages for 
pneumatic drive inputs [15], [16]. These approaches are 
ecologically worthwhile and very valuable in terms of 
reducing energy consumption, but are not considered further 
here. This paper solely focuses on approaches for increasing 
energy efficiency, depending on the way value-adding 
production processes are realized and executed.  Furthermore, 
these approaches need to be applicable in the development 
process at the stage of physics based Virtual Engineering, 
meaning that essential design parameters are already defined 
but minor adjustments can still be implemented in the system 
design. 
One approach that is applicable in physics based Virtual 
Engineering is to use components with the adequate 
characteristics and dimensioning in order to fulfill the 
assembly task properly. Sometimes plant manufacturer chose 
components that are oversized for the assembly task. In doing 
so, the plant manufacturer wants to ensure, that the 
component can execute the assembly task properly 
considering a certain safety margin. With respect to the 
example of a pneumatic drive, many pneumatic drives are 
oversized, although a smaller drive could master the same 
mechanic load as well. Or the drive needs compressed air on a 
minor pressure level, thus a pressure reducing device next to 
the pneumatic drive input could be installed. Both approaches 
would reduce the amount of compressed air and would reduce 
energy consumption of the pneumatic drive. Although the 
benefit would be marginal for the execution of a single 
assembly process, it would be very valuable in the long term, 
i.e. over the entire lifetime of the assembly system. 
Small adjustments in the design of automated assembly 
system in physics based Virtual Engineering could save 
significant operating cost for the OEM in operating phase. In 
order to consider energy efficiency as an additional criterion 
in physics based Virtual Engineering, the physics based 3D-
geometric model must be enhanced.   
4.2. Visualizing energy consumption in physics based Virtual 
Engineering 
Using a physics based 3D-geometric model to execute 
physics based Virtual Engineering offers many benefits. To 
enable the physics based 3D-geometric model to display and 
visualize energy consumption the model needs to be extended 
and additional functionalities need to be implemented. 
However, not the entire energy that is consumed in the 
assembly process can be visualized. Despite energy 
consumption being directly related to the way the production 
process is executed, substantial amount of energy is already 
consumed consumption just to set the assembly system into 
ready-to-operate state. In the physics based 3D-geometric 
model it is not possible to consider electrical energy 
consumption of these constantly consuming components, e.g. 
control units. The energy consumption of these components 
won’t be considered in this paper, because the consumption is 
constant and doesn’t change with the way the production 
process is executed. 
The visualization of energy consumption of an assembly 
system related to the production process can be exemplified 
by a robot driving a specific trajectory. The trajectory directly 
depends on the way the assembly process is designed. The 
trajectory can be adjusted in physics based Virtual 
Engineering with different offline programming (OLP). In 
order to visualize the mechanic energy consumption of the 
robot with physics based modeling, each axis with its 
corresponding electrical drive must be treated separately. 
Modeling the axis and each segment of the robot with links 
and joints enables calculation of the required forces and 
torques to follow a certain trajectory. Based on that, mechanic 
energy consumption over time can be determined and 
visualized in a graph. This model is still under development 
and its validity needs to be proved in future research. 
For validating the results of calculated energy and power 
consumption there are two options. First, the same robot type 
can execute the identic trajectory physically in reality and 
forces and torques can be measured with sensors. Second, 
analytic models can be built, which explicitly calculate forces 
and torques. Both approaches will be followed and taken into 
account for validation of the physics based modeling 
Fig. 4 Conceptual framework of energy efficiency as subordinated 
criterion for physics based Virtual Engineering 
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approach. The essential obstacle for validation is that specific 
product data of the robots, e.g. center of gravity of each link 
and corresponding inertia tensors, are not revealed by robot 
manufacturers due to corporate policy, which makes it even 
more difficult to analyze the calculated results. As a 
consequence, the results of the physics based modeling were 
analyzed by different experts and were considered as 
plausible in the first place. 
5. Conclusion and potential for future research 
Ultimately, a short summary of the results and 
achievements is given and a roadmap for subsequent steps for 
carrying out future research is presented. 
5.1. Summary and results 
Energy efficiency for automated production systems is 
widely discussed among researchers in academia and 
industry. The development process of automated assembly 
systems is complex, consists of different phases and stages, 
and many partners are involved in order to provide an 
assembly system to the OEM’s shop floor. Currently, energy 
efficiency is not considered sufficiently in the development 
process and entails gratuitous operating cost for the OEM in 
the operating phase of the automated assembly system. Here 
some potential for improvement can be identified, based on 
the idea to address energy efficiency in early stages of the 
development process of automated assembly systems. 
This paper introduces the development process of 
automated assembly systems in automotive industry with 
main sub-processes and tasks. The methodologies Virtual 
Engineering and Virtual Commissioning are depicted in 
detail. Implementing the innovative simulation approach 
physics based modeling, which uses physics engines to 
simulate automated assembly systems, both methods are 
improved and the main benefits of physics based Virtual 
Engineering and physics based Virtual Commissioning are 
discussed. 
Based on these findings the concept of establishing energy 
efficiency as an additional, subordinated criterion for physics 
based Virtual Engineering in the development process of 
automated assembly systems is presented. First steps for 
implementing the concept are outlined and the potential 
benefits are contoured. The process of calculating and 
visualizing production-process related mechanic energy 
consumption is exemplified for a robot trajectory. Qualitative 
inspection of the results shows promise and is considered 
plausible by several experts. Quantitative validations of the 
results still remain open, but will be addressed in further 
steps. 
5.2. Outlook 
At present, simulating mechanic energy consumption in 
physics based Virtual Engineering is solely applicable for a 
small amount of components. Despite validation of the 
simulation results, the subsequent step aims at visualizing 
mechanic energy consumption of an entire assembly system 
with many different components, i.e. different types of robots 
and different types of pneumatic drives and additional 
components. If results of simulating an entire assembly 
system are validated, the concept described in 4.1 can be 
applied: approaches for increasing energy efficiency will be 
implemented in physics based Virtual Engineering. Thus two 
different designs for the same assembly system with same 
functionalities are simulated: one without considering energy 
efficiency and the other implementing energy-efficient 
approaches. Exemplifying physics based Virtual Engineering 
with energy efficiency on different assembly systems will 
allow a detailed verification of the concept.  
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